necessarily improve the flux analysis compared to an instantaneous analysis due to the 1 attenuation of the detailed information as discussed by Enting (2002) . A shorter 2 assimilation window reduces the attenuation of observed CO 2 information, because 3 the analysis system can use near-surface CO 2 observations before the transport of CO 2 4 blurs out the essential information of near-surface CO 2 forcing (Kang et al., 2012).
5
It is well known that correct estimation of the forecast error statistics is crucial for 6 the accuracy of any data assimilation algorithm. In all existing EnKF assimilations for the analysis state is a better estimate of the true state than the forecast state, Wu et al.
11
(2013) proposed a new estimator for the perturbed forecast errors by using the 12 difference between the perturbed forecast states and the analysis state. Moreover, they 13 demonstrated through a simulation study that the new estimator can lead to better 14 assimilations for models with large errors. Since the errors of ecosystem models are 15 generally large, the new estimation of the perturbed forecast errors is potentially 16 useful to improve EnKF assimilation for estimating carbon fluxes. 17 Besides forecast errors, the observation errors need also be accurately estimated.
18
In the majority schemes for estimating carbon fluxes, including CarbonTracker, the 19 observation error variances are not estimated but empirically assigned. The quality of 20 the estimation of observation error variances critically depends on whether the 21 forecast error covariance matrix is appropriately estimated (Desroziers et al., 2005) . 22 However, appropriate estimation of the forecast error covariance matrix is a challenge 23 in real applications.
24
In this paper, we propose several modifications to the conventional EnKF for 25 biosphere are simulated using BEPS, while the rests are taken from datasets of 23 CarbonTracker 2011 (http://www.esrl.noaa.gov/gmd/ccgg/carbontracker/).
BEPS is a process-based ecosystem model mainly developed to simulate forest Analysis Center (CDIAC) (Boden et al., 2011) and the "ODIAC" emission dataset 1 (Oda and Maksyutov, 2011 3) Analysis step
11
The perturbed analysis states are estimated as especially when the model error is large (Wu et al., 2013) . Therefore after the analysis 10 step 3) in Section 3.1, it is suggested to return to the error step 2), and substitute In this study, the background CO 2 concentration field at the beginning of a week is the 20 analysis state at the end of the previous week. It is then updated using the 21 observations within the week, so the estimated CO 2 concentration at the beginning of constructed in this study. For the tth week, it is defined as
where 
16
The Chi-square statistics for the error covariance matrices without using the The RMSE of estimated CO 2 observations is defined as 
Error covariance statistics
To validate the construction of error statistics used in this study, we plot the weekly 
Inclusion of CO 2 concentration in state vectors
21 inclusion needs to be tested against the traditional approach without this inclusion.
1
This issue is studied with the one-week assimilation window. For comparison to longer assimilation windows, the following alternative 10 experiments with moving assimilation windows were carried out. In the first 11 alternative experiment, the length of the moving window is set to be two weeks while 12 the forecast time step is still one week. The CO 2 concentration observation system is 13 still the same as that described in Section 3, but is used to update the global carbon experiment is similar to the first one, but with the three-week moving window.
22
The linear trends for the observations, the estimates with one-week, two-week 
24
The setting of length of the assimilation window is closely related to spatial and temporal localizations of forecast errors. For the observation network and the 1 atmospheric transport model used in this study, the one-week assimilation window 2 seems most suitable. In this section we use the data assimilation methods described in Section 3 to estimate respectively (Fig. 6b ).
Adjustment to total carbon budget of BEPS

19
It is worthwhile to point out that the underestimation of carbon sinks by BEPS is 20 conditioned on the estimated carbon fluxes released by fossil fuel and fire, even if the 21 ocean fluxes used in our assimilation system are accurate. As described in Section 2, Nevertheless, our adjustment to carbon sinks simulated by BEPS appears reasonable. Carbon budgets are calculated based on the BEPS ecosystem types and the 11
10
Transcom regions (Fig. 8) . Similar to the global distribution maps (Fig. 7) , the 11 assimilated BEPS carbon budgets (Fig. 8) The interannual variations of the global total carbon budgets are shown in Fig. 9 that assimilated by GCAS-EK.
5
The monthly variations of the multiyear-averaged carbon budgets before and after summer and smaller sources in the winter than those before the assimilation. estimates.
15
The first independent dataset is net carbon exchange of U.S. terrestrial We propose a methodology to assimilate atmospheric CO 2 concentration into surface procedures are applied.
5
The application of the methodology to real data shows that the assimilated carbon 6 fluxes by GCAS-EK are comparable to those reported by CarbonTracker 2011. However, there are significant regional differences between carbon flux distributions 8 assimilated by GCAS-EK and CarbonTracker 2011, which may be attributed to the 9 differences between the ecosystem models, atmospheric transport models and the 10 assimilation methodologies.
11
In our future study, we will investigate the sensitivity of assimilation results to 12 the accuracy of ecosystem and transport models. Also, more observation datasets,
13
such as remote sensing CO 2 column data, will be introduced into the GCAS-EK. Inf" refers to the case with inflations on both forecast and observation error 5 covariance and "Iteration" refers to the case with both inflations and further 6 using analysis to improve forecast error statistics. The closer χ 2 / n obs is to 7 1, the better the corresponding error estimates. one-week assimilation windows, two-week windows and three-week windows. 
